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ABSTRACT

This report suumarizes the first year of progress in studies
involving vapor cmission from weld pools, design of ap infrared microscope
for measurcuent of the weld surface temperature, ultrasonic detection of
the weld peol shape, surface reflectivity of aluminum, signal analysis
of the weld noise voltage and reflectivity of aluminum by a carbon dioxide

laser. The resnlts Lo date are preliminary.




REAY_SOURCL =~ MATERIAL JNTERACTIONS

DURING FUSJON WELDING

I. INTRODUCTION

This is the first annual techuical report of an cextensive rescarch program
emphasizing welding science.  The overall goal of the program is to develop
an understand tug of the manper in which the alloy composition affects or inter-
acts with the welding process.  For example, in arc welding, metal vaporizes
from the weld poos  which alters the composition, the electrical properties
and the thermal properties of the arc plasma. This in turn alters the amount
of heat transported to the metal surface, which results in differcnces in the
shape of the weld pool, the weld deposit chemistry and the stability of the
welding process.  These chonges would not be of interest were it not for the
fact that previous studies have shown that minor changes in metal composition
Cain Cause wajos Chaupes ta (he veld deposit. Changes in shilelding gas oc
base metal composition on the order of pavis per nillion can reduce or in-
crease the size of the weld pool by several hundraed perceat. (1) Such chznges
cannot be explained by our present understanding of the welding preocess. In
addition, wmany of the physical phenomona which must be investigated in order
to understand the changes noted above may aloo provide neans of controlling
the welding procensy hence, the work presented here is of more than just
academic interest. Tt is hoped thot the resualts will provide new insight
into designing naterials which have niere uniform weldability and In providing
nov technigunes Jor monitorine and covtrolling the welding process,  Both of
these poals, if acliiceved, will aid sicnificantly in ircreasing the uese of
antoution inovodding, which in tore should fead (o dmproved productivity

thyancshonl mnny areds in the nationg? cooaomy,




1T.  ACCOMPLISIIENTS DURTNG THE FIRST YEAR

In a project of this size, and in experiments of the cowmplexity which are
underway, many of the first year accomplishments consist of organizing the
personnel and cquipment to be used during the project. The effort during the

hast twelve months has emphasized the following:
I 4

A. Equipment Acquisition and Design
1. Optical wullichannel analyzer spectrometer
2. Infrared microscope
3. Weld sigual analysis
4. Transistor-batlery bank
1. Therrodynamic moedel of vaporization frem weld pools
2. l.ony: time sprelyoscopy
3. U'trasonic detection of the weld scam
4,  Yast Fouricr transform analysis of the welding voltage
5. Loacer welding of aluminum qnd aluadinum alleys
6. Probes for welding arce curlyveis

The propgress in eoch of these arcas will be described briefly. Tt should
be noted at the ocutset thot the experiucntal studies are still] din progress
and the 1o ults presented are of a prelininary nature,
Ao be Optical Malvichaanel Analvzer (OMA) Spectremeler Yquipment

The ONA sesten repreasents the single larpest equipment purchase of the
project. e O jtacdf is o two disensional conputor controlled detector
(532 = 290 caanacls) of the vidicon tvpe capable of recedving and storiug
a sertica ot optical signals of 30 microrccond hwration,  Other investipators,
notahlv, Mills of Rockwed b Taternational (2) and ey of EG & ¢ Tdaho (3) have

weed OV et ey dnvest ication of welding are plosnas, Mills perfovised

inaliininhs ey 5 [ VY - d



a bricl series of tests Lo determine the spatial distribution of Mn metal vapor
in the plasma, whilce Key uses the spectral data to determine the local tempera-
tures in the plasma.

In the present study, the OMA will serve two functions, viz. determination
of the temporal and spatial distributions of metal vapor in the welding plasma
and detection of the signal from the infrarced microscope.

The importance of the temporal and spatial distribution of metal vapors
in the arc stems from the fact that these vapors generally have low ionization
potentials comparced with the shielding gases and'hcnce the metal vapor dominates
thie clecirical properties of the welding arc. In particular, 80 percent of
the heat transported to the weld pool is carried by the welding current.

Metal vapors from the weld pool may alter the distribution of the weld current,
therehby attering the heat flux and the electromagnetically driven fluid flow
in the weld pool. 1t is anticipated that this data will be used as input to

a conputer model of the arce plasma and weltd pool. This model is prescntly
being doveloped by Prof. Jo Szekely of MIT under contract with the U.S.
Departwent of Paeryy, Basic Energy Scicnces.

Although, the OMA represents a very sophisticated optical detector, the
optical tiiaging syctem used to select the position within the are plasma is
cqually critical. During the past year Dr. Charly Allcmand has designed a
refractive Teos and seanning syatem capable of the followving:

T. Detection of major metal elements with a spatial resolution of 0.1

i oand o tewporal resolution of 10 milliseconds to one second.
Kelative concentrations should be measured with a precision of 2 to
10 peceent.,

2o Hapid chooapes inowetal vapor shoeotd be observable with a temporal
resolut v of 30 mijcroseconds,

o0 Mincr olomeat covecntrations shoubd be obaervableo with o spatial




resolution of 0.1 mm,

Separate optica’ layouts are necded for eaclh of the three measurements,
however the ultraviclet-visible lens is the same for cach layout. A brief
description of the design specificationyg is presented in Appendix A, All
componvirts have been ordered and received,  The six cliement lens has been
tested and found to perform within specification. The entire optical layout
for cuperinvat nuwber 1 above, is presently being assembled.

Ao 20 Infrared Hicrescope Yquipment

Although iatvared microscepes arce avajlable comucrcially, none of
these systoms are designed to measuve tempoeratures ag high aos those occurring
in the weld pool.  luring the past yvear Dr. Allcenand has designed a reflective
lens which can aralvae the specira from o 20 pm spot on the surface of the
weld ponl. A briel deaeription of this lens is gdven in Appendix Al

The wivrors hoave beon sachined fron eotid pyrex plass and are beling
alucinizc . dnirial teasts indicate that the wachining and polishing of the
glass hos produced mirvors of cncepticaal quality.

The vationale for develeprient of the high tempevoture infraved microscope lics
developoont of an vaderatanding of the heat transport and fluvid convection in the
woeld pool.  As notoed previcusly, wetal veporizes from the surface of the weld
pool because the Tocal heat flux frop the plasma excecds the heat Jost by
conduction and conveciion in the weld poel. The oxeess heat §s Lost from the
surfdoe by vapericiion of uetal frop the veld pool, nuch as cvaporation of
porapivetion cools the body ou o hot day.  Since mancnese and chromium in
steclovorud rapnesien cad o dve in oduabaas alloys hive righer vapor progsayos
than the iren or aluminu base motadas, these altloving clements are selectively
vaporized droe L veld peols s i fervenecen in atloy e ponition alter the
vaporicaticn rote fve Che veld pood which vl atter the sorface tonporatut e,

Teoosucerenl ol the nan Cie Ty e cradionte corves o Che o wo b e e e




function of alloy composition should aid in understanding the loss of alloying
clements from the weld pool. Previous experiments in our laboratory have shown
that 0,44 Mn can be lost from subwerged arc weld pools by cvaporation. (4)

The transistorized welding power supply (described below) will permit
measurcment of the local surflace temperatures by ertinguishing the are and using
the high speed capability of the OMA to detect the thermal radiation within
Tess than one wmiltisceond.  The thermal time constant of the weld pool is much
greater than this. JTn addition, monitoving the cooling rate at a given location
as a function of time will provide some information on the {luid flow behaviour
of the weld pool. With the design and receipt of the equipment completed during the
past yeav, cxperimental data should be forthcoming during the nest year.

A 30 Meld Signal Anolyais dgquipment

A velding plasmy responds to both chemical changes and geometric changes
within 50 wsoop bence any divturbance of the arce chould coune a charge in
the welding are voltoge.  These changes in voltape alter the Leat gencerated
in the plasma, which cauvses an expoansion or contvaction of the plasia. These
plasna oscillations produce the ave noise which one heavs during weldinog.

Since mauy cxpeviceoced welders can detect variations in the process by liastening

to the ave, it can be concluded that the oscillations of intevest for process control
oceur fo Lhe audio frequency yange,  Inoan attempt to weasure these changes a fast
fourior translove of the welding noise voltage was needed. Originallv, a hard wirdd
P aubveer was to be purchased, but it wan detevmined that o computor with

apprepriate softeare cootd perform the sowe function,

The woelding noise voltase vas placed on wopnetic tape and fed into o

O
computor ag the Migital Sipual Processiapy Loboratorvy at MU, The resulis of
thes o Lente vere cncouraying: Junee a DEC MING T3 comput er wis purchoased dor

Futare wipnat anal i Thic cquipaent hos bon received and 0 oporat joeod,




The results of soime of the FFP analyses arce presented in the experimental
section.
A4 dramsistor-Bartery Power Supply Equipment

In order to measurce the voltage oscillations of the welding arc, alscont
of the oscillations in the power supply, a pure DC voltage source is neceded.
A large battery was acqguired carly in this project and design of a transistor
bank to control the ocutput began; however, in the late fall it was determined
that a 20 kW transistor bank would be uscful in future srudies of gas metal
arc droplet formation. Such a transistor bank is beyond the scale of our
Wpertise to construct.  Commercial versions are available from Japan and
Great Britain at costs cxceeding $40,000.  Tastead, Alcexander Kusko, Inc. of
Needham Heights, MA wos contracted to build & high curveant D.C, regulator for
half this price. The specifications of this D.C. rvegulater are given in

Appoodis B W

¢ oarc corfident of Kushko's ability to build this supply as they
detivered a 10 kW node) to P'rof. Masubuchi of the Ocoan Pnsincering Depariment
Tast suamier. By Novesber this 10 kW systen had been tuned and proven capablo
of the specifications.  Tn Jopuary ve contracied for a 20 kW supply to be
delivered i Jupe, 1981, At present all critical components have been received
and the reopulator iy undery consiryuction.,  The delivery date is enpected to be
moel, vhich vill aliew us to contiaue our studies of weld noise voltage sensing

aind o raaod weld peol tenporatnre sensing.

Viee proececding four dtens of ecxperinentsl egnipmonl have been designed and
ordered cleving the past year.  Topethor they provide a numbor of unique copa-
bitivics for control qnd ancteais of weldine arcs. Several of the expeviment.)
pProjoces whiicn bove beca steotod during the past yvoar vill now bhe deseribed,

Be b, Ciherpod vnaeie Mool of Vipovieation fram the Weld Pool

Since the beat e to the contaec of rhe ave veld pool s ercater thon




the heat transpovted away froewm the surface by conduction, convection and [
radiation, the excess heat accuwulat ing on the surface is lost by evaporation. §

Tn a purce material, A, the muember of moles of metral evaporated is egual to

xS
do
din, = - %-
A »
cvap

where dn ds the nuabier of moles of metal cvaporatad
xS, . . .
dqQ is the exceess heat transported to the surface which is not removed

by radiation, conduction or convection, and

A1 O
i
ovap

is the molar heat of cvaporation of the metal.

The free energy chanse associated with the cvanoration is

LGS = - gan p©
o the standard pressure of moetal, A at ienperature, 1.

Tn an aller, the exeoss heal may result in the cvaporation of a numrbor of
metals. dhe overall heat balance hecomes

XNl
Q=N .y dn,
dQ ) ”(:vup(.l) dn

ey
'

ot oy dnthe heat of evaporation of specices in the alloy and
cvap (i)

where

din, is the nuher of malon of epecics i,
i

The fycee conerpy chain, ansocicted with the vepoarizotion of aa alley element

winere (T{i P the activicy of the cleinont in the atlov,

Peoordor tooared ratond wiidieh oral vaposs con he espected to dominate th,
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composition of the welding arc plasma, o series of pressure-temperature diagrams
bave been developed for iron base alloys.  kzamples for nickel, manganesc,
chromium and alusinum arce shown in Figurces 1 through 4 regpectively.  Since
the weld pool of steel has an average temperature of approximately 2000° ¢,
the dowinate metal vapor for any alloy can be estimated by use ot these diagrains.
For example, Figure 2 indicates that at Y000° € (27/3 K) iron and manpanese
vapor pressurcs ave approximately cqual in o low alloy steel containing approx-
imately 0.7 4 Mn.  n a stainless steel of 187 Cr and 27 Mn, Mo is the dominate
specics in the vapor.  Tnis data is consistent with previous observations in
our laboratory that up to 257 of the Mo alloy in a 1.37 Mo carbon stecl caon
be lost by cvaporation during subuerged are welding, while the silicon content
remained uncliangod. (4)

This thermodynamic model can be extended to more complex systens in
which compounds forn.  Pxappdes of the enthalpyv-torporature diagrans {or
titanive-onveen and tiTanius-nitirosen systens are shown in igures 5 and 6.
Uae of these diaprers poreits ostivation of the tendeney for dissociation
or fornation of compounds during wotding.  This dnformation may be important
in understanding of {lus~wetal reactions or compound siability during welding.
Previous wvork in our laboratory has shown that T fo staintens steels is much
less stable in the weld metal then in the bace metal, primarily due to a
tendency to discociate at the hich torporatares vn(‘n;n‘.‘lorw! in the weld peol. (5)
rurther applications of these din

s Lo predication of weld deposit chemis-

f

Loy G oo, in ti, ted o coonnte o0 coe fetiow s Fhe vaper pressere of
Copos i ion :‘_Si (pore fitamiv ) oi Vigure 5 very carefelly, it will he notad
that thece e voveral dicoontinuitics in the eqoilibr b oxyeen Vapor pressus .
e b ted thr e on oo pressure dveper wareediy on sol tdification

IEEEN { TSI v [T SR TS S IR SPP RN 1 [ PR B FERRS TR URRTL RN 5 LAPREEE L IV
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more 1eadity upon solidification rather than in the liquid phase.  In essence,
this is not different thian noting that precipitation is more prevelant in the
sotid than in the liquid, however, these diagrams allow one to quantify which
precipitates will behave dn this manner.  In a steel which contains a small
fraction of titaniwa (it a correspondingly low activity) the scale of the vertical
axin of Pienre 5 s shifted to higher onvien pressures. By estimating the
onyoea potential of the welding shiclding pas, and the activity of the alloying,
element in the weld metal, one can estimate in a quantitative way whether the
alloying clement vill bo prefeventially oxidized out of the Viquid weld metal, whether
the oxide will precipitate on solidification or vhether it will remain uncombined.
Simil.ay plots hoave been constructed for vanadium-oxypen, chromium-oxygen aad
sirconiun-onvaeen asystoms,
[ Py Soer "j“ . copn

v oator o meacnre the votee of metal voperizatios {vcw U weld oot
Tony, time cpectroscopie facility has been desipacd, constructed and calitrataed
bo b andvow Block- Bodeen and Chorly altlooand. o desceriptice of {ne cquips. et
P presented e Apperdis G

The main peopose of this Tacility is te study the vate of metal vapori-
zation from a single weld poolt cver o Yony period of Liwe c.p. 30 minntes,
The relative evaporation rates of three alloving clements is normalized o
the vapor of the base wetal. In the initial cuperimenta, the rates of M,
Croang AL vapevizsation frow steel are heing measurad usiong iven vapor

as the internal otandard, By carcinl choice of dnitial stecl comnonitions

and anolyaic of the Final weld pood cownonition, the thereodviar foovapor oo
1

tion eoode b dewervibed above was e tosted, Fov esnople, the noado bopircdiot

dad o bor have towed s Ut both Mo Coosre cvapeor ated tbron stain e b

L T S O T R G S T S ST DUPEC S N U IE R AN R B
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spectroscopic data. By studying the long time change in weld deposit compo-
sicion aud coupling this dulormation with the changes in spectral intensity
during the experiment, one can cstimate the absolute rate of vapoer formation,
Such information is cassential if a detajled computer model of metal vapor in
the plasma is to be performed.  As noted previously, Prof. Szekely is develop-
ine such a model under DOE sponsorship.  This experiment coupled with the
spatial distvibution of metal vapor as determined with the OMA systom should
provide valuable iuput to the model.
B30 Ultrasonic Detection of the Woeld Seam

Prof. bavid L. Havdt and My, Joel Katz of the Depavtment of Mechinical
Engincering ave studying the possibility of using on-line ultrasonics to
monitor the sice and chape of the weld poel during the process.  They have
boen revicwiog sceveral possible teehanigoes Tor vltrasonic wounitoring of the
pool shape. Thelr progress to date is rerovted in Appendis D,
B4 Vast Teuricr Traasfeoim Analysis of the Welding Voltare

As noted previously, a frequencey spectral analysis in the audio vange
may bave poteni ol o detectiog ebaees dn the wolding process. Several

measurciients heve been wade vhich confivin this hypothesis,

Figure 7a shows the poise veltiane of o gas Ltungsten are weld on a stee!

The siegnal vemrenents the AC ripple on the DO voltage and is remarkably

plate.

uniform in time,  MNost of this ripple comes from the vectifliers in the power

supply. A very sead D wind disturbonee prodoces o distortien as shown in |

Piovre 7h. Disturbanee. of thia sesnitade can casily be seen with proper

giynal conditioniag.

A rore subtle variotion in weld peise voltage wan produced by melting a

onc-oightl ineh copper wive into g groove on the steel plate aod prindiog

N . N ' .
Ao b e v e to dho Daerecd e vol e s hpmady
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as shown in fapure 8a and &b, Tigure 8a represents the AC vipple of the CrA
weld without copper contamination and Figure 8b shows the same voltage with
copper contamination. Little change can be detected in the real time signaljg
however Figures 8c and 8d, which are the PP of Vigures 8a and 8b respectively,
stiow that the weld with copper contamination weld has more high frequency noise.

At present it is not known if such signals are reproducible enouph for
in-process monitoring of the weld quality. With the recent zequisition of a
computer in our laboratary, it is hoped that a catalog of signals from welding
defects can be estabtished.

B.5. Faser Welding of Aluminum and Aluminum Alloys

A number of previous ilnvestigators have found that the coupling of
laser encrgy to aluminum is very poor. There are two possible explanations
for this trerd, viz. the reflectivity of the solid Al itself is very bigh, or
alternatively, vapor foreation bloceks the laser radiation {rom veaching the
cuirface.

Since Al alloys containing highlty volatile ¢lements such as Mg and Zn
shoiild he more Likeldy to produce plovuas blockine the rediation, a servics of
tots has been corductoed cenparing the povesr absorplion of 99,9997 Al and
5450 alloy in the electropolished and snodized surface conditions. The power
absorption for cach alloy as a function of time at low incident power is
shova dn Pigure 9. 1t will be noted that the surfacecondition of the pure Al
L HittTe effeet on the power absorption, while the of fect of surface condi-
tion with the abloy iy very Iarge.  These resulls sapgest that at Jow power
ittty planea formation i the doninant cause of poor laser coupling on Al.
e e ired surface of the 5456 atlov will suppress plasma formation while
clectronaliohed surf e precents no barvier to vapovization from Che curiac,
e AL with o stron ly vaper forming clemonts, the ef foels of the surfae

ii‘l‘:l Ve,
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Recent results at higher laser power, which produces sipgnificant meltiug,
suppest that plasma formation may be less important. No final conclusions
can be drawn from this project at this time, cxcept for the fact that coupling
of laser power to the aluminum surface is a function of both alloy composition
and surface condition.
B.G. _Probes for Velding Ave Analysis

A number of previous investipators of welding heve used tungsten probes
rotating through 00 arce to determine the voltage and current distribution
i the arc. We hive constructed such a probe which spins at 3806 rpm.
Host welding invest igators have vsed the maximun voltage as an indication
of the center line voltage of the arc, while some others have usced the
wvidth of the pulse to infer the Toeal curreat distribution, if only on
a relative scales Upon calibrotion of the speed of our probe, it was
diccovered that the probe was indicating on oo widib at hall saximon
voltage of 1.0 cw and o naximun width of 3.2 om vhich ia clearly not

tive,  Discussions with 5 wbevs ol e Phvsiog Depoario at have iedicated

tlat use of prehes oo e adl, hich pressm e plasmos, suel as o velding ares,
is not fundesontaliy sovad.  Althouh some dats mey he obtained, there is no
conclusive mwenner vith vhich to jnitorprat the results.  For this reason

we have sospended forthor probe studics and we are reviewiog the claimns of

othier dnvestizators vho have used thease technigquos,
PETL VISETLLRC COMTit REVITW

At toatest of De. BoAL Machooold, o prejoct revier wos held in Noverber
! { i [}

s i
Pann, Phe techaieal rovicwers tor this P:‘r‘jn\l i!\-‘l\l"\'\‘;

Do . Fey, bdeho Dationsb bncineeving Yatar aiory

Urod. b 01 vy Cobor e o Schoot o bneoes

Jd
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The wijor coacltasions of this revicew were the following:

1. The scope of the program is too broad and should be narrowed

2. The weld nuise signal analysis is vorthwhile and should be emphasized and

3. The weld peol surface tomperature measurcement is worthwbile and should

not be dropped.

The commcnts of the reviewers were very helpful, and it is intended during
the current vear that the following topics vill be ecaphasized:

1. Weld poul surface temperalure measurements,

2. fwission spectroscopy of welding ares, and

3. Weld voltase signal analysis,

1t is not so wuch a matter that the olher projects are not worthwhile,
but it is deemcd that the totatl projocit will progres:s more rapidly if an
intensive study of thease three topics is vodervtaben,  Noacthedess, the fivst
e boen vorticchifo.s 10 was a vear of baidaiayg up ol holh peiconnel ana
cquipment. It also permitted exploiratory rescarch into o nunber of topics,

the wost prowisivg of which will be contiouod during the next tee’ve months.

I




G.
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APPENDLX A

Design of 1nfrared and Ultraviolet-Visible

i U2 G e 08

Problem befinitions for FExperimental Sctup

1. The weld puddle surface temperature is to be measured with
with a spatial resolution of 0.1 mm.

2. Majur metal clements are to be obscrved in the welding arc
resolution of 0.1 mw and their evoluticn ghould be followed

resolution of 10 ms to 1 s, Relative concentrations should

with a precision of 2--107,

a precision of * 10 K

at a spatial
with a temperal

be moeasured

3. Bapid camoe s of meicd concentrations should be observed in the arce at

a temporal rosolution of 30 ps to 10nm.
Lo Mipor ¢lio nt coencentrations should be obscerved in the arc

resclutica o) 003 o,

with a spatial

Te best opproach to these goals, four difierent oprical layouts are wceded,

each desipned to wateh the specific requircments of one group of measvrements,

Two ditferent design approasches were Lollowed that are described in the following

ty
soctions:  hiysh precision infrared (OR) and ultraviolet (UV) -

optical trains.

Infrared Optical fivoin

Puddle surface terpoerature will be measured using Planck's

visible-bascd

black boady spectral

radiant cwittance fornufa,  In order to wchicve the best possible accuracy

spectial vudiant cmiitonce vill be measnred at abouvt 12 diticvent woveleonvths in

a 200 v wavelepcth rance, and the Plancel curve vill be fitted

to the caperinental

reonbls. ihis wit] be sepeated for ccveral peiots acroess the paddbe, oach




measured circular arca having a diameter of 0.1 mm or less.

The effect of the arc emission will be cancelled by momentarily interrupting
the are cuwrvent.  Thereforve, it will be nccessary to perform each measurement
in a short cnough time for cooling to be neglipible during the measuring time,
so that cooling can be measured as a function of time. This will be realized
with the use of the OMA wystem as a detector which is capable of detcecting
the whole spectrum and sovting the intensity function in a file at times as short
as 30 us.

Calibration of the whole optical train depends critically on the quality
of the radiance standard and that of the optical components. In oxder to aveid
the problers usually associated with optical aberrations, we chose the following
solutions:

a. to eliminate astigmatism axial vicewing only is used. 7This can be

achicved with the use of two directional mirrer-scanners.,
b. chromatic aberrvation is eliminated by the use of mivrors.
¢. Spheriecal aberrations are eliminated by the use of off or on-axis
asphevics.

In order to wodel the optical system, Dr. Allermand's exact optical ray-tracing
progvam was usced with the HIT-1LM 370 cowputer. This program was usced to
estimate the imaging qualitics of diverse mirror systems including of f~uxis
parebolas, Casscgprain type mirror conbinations based on two sphicres or two
asphevics, double-casaceerin bascd o spheres and on asphevics ('gure Al).
Finally, o sincle Chasievrain type condiination was chosen based on an elliptical
privary ceel hyporbolical cocondary (Figare A7)o Tes optical quatity mav be
enbiwated from o simpbificd cpot diccram shoewvn i Piguie A and ohtaivad teeas

our tase-traeing program, O Che Lol side of Pigare AV, a0 oam diaL sorice orea

1

Po ovepresented Ly 319 coaptine poiote Qistvituated o cieclens The dnagpen of

thive of thocr conrce points are chyrncterivad B the fopact pointa of tiaced




k.o

rays (19 for cach source point) on the imape plane.  The largest extent of the
image is obtained for a source on the outermost circle.  This spol covers about
12 pm, confortably smialler than the required 0.1 mm. On axis of course, the
model shows a perfect image.

The shole optical train, comprising this cassegrain type mirror, scanners
and a spectrograplh is being mounted on a sturdy commercial optical bench.

The porabolic and byperbolic mirrors have been ordered and were received

in April 1981.

UV-Visible Optical Trains

Spectroscopic observations will not require as aberration {ree an optical
system as the infrared microscope, unless a pood gpatial resolution is required
as would bc the case for arc temperature weasurcnents boced two line intensitics
and requiving an Abel inversion.  The TR mirvor optics can also bhe used for
specitroscopic deterninatiovas, but since it cannot be diaphraprmed down below the
solid angle intercepted by its sceondorvy mirror, it will be uscless when very
small aperture angles are to be used. theovcfore, a svemetrical doghle-triplet
lens was desjgyed out of quartyz ond caleivm luorvide (Figore AV . This lens con
be used at vavelengthe as Yow as 240 o with very small abberation.  Figure AD
is a representation of the spectral spherochrematicity of that system comnputed
with Dr. Allemand's ray-traciug progrom.  On the vertical axis is represented
the height in mm of the dapact point of the considered ray on the entrance pupil,
aind on the horizontal axis is the intecsection (focus) of that ray with the
axiv. also inowee The sphervochromaticity for wavelongths fron 210 to 587 nn
s showns As ocan be seen For ravs on oa diaccter of 60 mm, the focus will
vomaio on g ) e soweont of the avio For waveleonaths botween 240 aod D87 .

This syvaten vill he used g optical layouts where chromatic and sphoericdal

ableratiom hove (o be windriced. Waere theo o twe requirenents can be velat. dy
voo s lee e the poe i ity of o sinedo Tonses,
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APPENDIX B

High Current DC Repulator

Specifications

The mechanical and electrical specifications for the Current Regulator
are as follows:

1. Inputs: 0-80 V dc¢ at 0-1000 A, 120 V ac at 3 A.

2. Outpul: 0-i000 A dc for a resistive load.

3. Output current is continuously adjustalle from 0-600 A.

4. TFrout paunel control fer adjusting the cutput current is provided.

5. Y¥rort pancl metering of output voltage and output current is provided.

6. The regulator will be constructed in a standard 19" relay rack cabinet.

Cabincet to be supplied by MIT.
7. Forced air and water cooling are wsed. Water veauirements do not
exceed b CFM with inlet pressure not oxceeding 25 psig. Open cycle
water cooling is used.
8. Appropriate high current de terminals for input and output are
conveniontly located.
9. Automatic shutdown is provided under the following conditions:
a.  lose of water flov rate
b. high heat sinl temperatures

10.  Outpul signals for menitoring output veltage and output current
are provided,

11, Pxternal current conlrol, by means of external current signal, is

provided.  Externa] dnput dis 0 =10 V full scale with input impedance

groeater than UM aond aceuracy ol G107 of fall scale.




b o

12.

13.

14,

16,

17.

The output current responge to a step change in the external current

reference sipgpal will have the following characteristics with

respect fo a 0.1 @ resistive load.

a. The output current will settle to within 1.07 of full scale wvithin
250 ps over the entire operating range.

b. The outpul current response will have less than 107 overshoot over
the centire operating range.

c. ITtems & wand b above will be met within the restriction implied by
the opoen civcult supply voltage.

Thae supply is suitable for use with certain types of RY arc starting

equipment.

The supply will deliver 600 A continuously at an output voltage of

25-60 V dc with aa divput veltage of 80 V de or less and specified

The thevonl design and overload protection of the supply are designed
for 6CO A rms.

The supply will continuously deliver arbitrary current waveshapes

of 600 A rms with peak currents not exceeding 1000 A.

The supply will deliver full current into a short circuit for

periods of 5 s or less.




APPENDIN C
long Tine Spectroveopic Heasurauonts

The extended tine spectroscopy of the vapor phase above the weld pool
periits an estimation of the absolute rates of metal vaporization into the
woelding plasma, as well e determination of the share of vapor concentrations
of dudividual alloyioe clements. A wmass balonce of the evaporating clements,
from the start to the tinish of the cnperivent will be helpful in determining
the selectivity of cvaporation in Jdificront steels and alloys. Tt will
also pormit extvapolation of the process to the short tise encountered in
welding.  1n order to resch this goal, cspevimental equiprent has been bujlt
consisting of a three metor CEC Pudsnsion Spectromeler ebtained from surplus,
adapited with new elecitonics, A valercooled welding~turntab ]l has been fitted
Fnside a wvatercooded chueshor, as preccested in PVicure €-1.00 Awc argen teni has
been built around the chashere The Lturntable is driven by a vaviable speed
motor,  The dotector connicta of o Flaje pover supply providing high voltage
to the photerabttiplior sy of foor Reithicy picoanpaeters vhiich read signals from
iron and froo thvee ctinr piotomultiplicors; of three dividors providing

ratios of sivinalsy of throe multi cters for seaitoring

o the crperiment aad of

twoe tvo-channe! vecordore proeadin,, and

. recovding the spectral ratios of the
thiee abloins clonents g vell as the pure fron signal. The fron sigani o i

ivtorant standord an toe o tivity and the povtial pressure of iron (l;J_ )
o

i bordly aftovtad by the alttoying closonts davin, the test. Detweon e

picoos st e aad divi e s threee Vigas of filtevs have been inctalled:s fiiters
aand hocrinecte the Liph drequency wold stort siseal which was fonnd Lo be
Congonc o G tee o perate Sronnencie o Pilter ¢ elimiaates the 60 eyele

vihiralion o,




APPENDLY € (continucd)

Although over 50 channels (elements) arce available on the CEC Spectromcter,
the difficult aligument allows for no more tian four channels to be uscd simul-
tancously. Hence, it ig possible Lo measuve clements other than Fe, Mn, Cr
and Al, merely by scelection of different photomultiplicrs in the spectrometer.
After a nusher of fuprevements in the wechaaical quality of the weld-charl o,
and of the clectronics, reproducible results bave been obtained on National
Burcau of Standards speciwens.  Presently, a set of standard signals is being

asscabledy after whieh actual welding allevs will be tested. I dn the future,

copper basea, or aluminim basced alloys are te be studicd, the internal standard

can be changed from iron to copper or aluawinu.
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APPENDIX D

Hltrvasonic Detection of the Meld Seam

Automiatic welding can be considered to include at least two distinet
aspects:  the mechanization of the welding process, and control of the welding
process to improve the quality and consistency of velded joints. A great
deal of etfort has been concentrated on the mechanization of welding; mach
less has been done to develop a means of controlling the weld quality itself.

Modern control theory is generally concorned with measuring the outputs
of a system to be controlled, comparing them with o set of desired outpuls,
and then adjusting the inpuls to the systen in such a wey that the desired
outputs can be achiceved.  Tn the case of wvelding, the desived output is a
joint between tvo metatls that has the proportics of a honegeneous picee of
poetal. Cloarty, a welded joint can be dagpccied after woldiag in order to
deteraive vhother or nol it is cesplete and can eatisfoctorily perform dts

function.  fowever, i one is going to contrel the welding process, it will

be necessary Lo dind o osot of paramcters (hat can be measured during velding
to provide o indicaticn of Lhe guality of a weld,

The welding porareter post comaonly cited as heing of potential value
for determiniag the quality ot o velded joint is the penetration.  However,
few techniques currently exist for measuring the pesciration of a weld in-
process.  Such o technique would be of great value in jwplementing feedback
control of woelding.

Lie an ctlort to provide o peansg of measuring veld penciration, we are
investioatiog the use of ultrasonic pulse-oche tochniqaes. Ulirasenic inspoetien
ivocormondy caployved for the purpose of deteeting flavs and dinclnsions in
volded joints. A coun! wave travedb b threos b a mediom will be vellestaed

at location: yheve dicvcontinoition o density ceadicats exiast. Crochey pore Doy,

ud



APPENDIX D (continuced)

and lack of fusion are examples of discontinuitics in a welded joint which would
reflect ultrasound.

Piscontinuous depsity gradients will exist at the ioterface between solid
and liquid metal and cause ultrasound to be reflected; hence, a molten weld
puddle should reflect ultrasound.,  The manner in which ultrasound is reflected
from a wolten weld puddle and the amplitude of the reflected signal will be
a function of the size and shape of the weld puddle.  Tn principle one can
determine the diwensions of o molten weld puddle frem ultrasenice tine trace
data. The results of such neasurceents could then be uvsed to decide how
to alter arve current, toveh travel spoecd, or other weld paraineters in order
to achieve the desired penciration.

The vee of vitracound for pencurction nescoran.at hinges on the ability
Lo deterimine the size and shape ol o
trancnitted and received ultrasconnd sinala, Perfoecting the ability to do
this is the wajor objoective of curteant vosearch in ultreosonic non-destroctive
testing.  For the purposcs of Gliro caie poesc fretion measuresent, two approaches
to this meosvrercnt problon ave bhoejn coasideveds The first is a peomein feal

ultrasonics approach thra vorks coader the oo unpcfoa that ultresound propagates

in otraiehy Tlaes with mosow beooseidsis v these conditions, the sice

and shape ol a reflector cau be doiercinod trom knewtedee of the poth followed
by an ultrvisound rav oond the tiwe it tkes to trovel that pathe For smoothls
curved sovfocon with divwodons Tars oo than the beamuidth, the yooncirical
ultvacenics approach ashould be quite practicals Bewever, it is poroat all cloar
that the probilom of prnctration meacutoront satistfics the con dvaiats noe s
Lo apply the peo trice ultrasenics appaeach.

it

Lo the evene ther the coonsteie wbtia o ades aprioach proves fncdegae! e
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APPERDIX D (continuaed)

for the purposcs of penctrotion measurement, ultrasonic scattering techwniques
are belng considered.  In this approachultrasound measurencents are made in
several locations and are used to estimate the size of a reflecetor from the
distribution of the signals received at the different locations.  Currently,
scveral rescarchers are investigaliong frequency domain seatlering techniques
to determine the size of laws in materials,

The current &ftewpt Lo develop @ system for the ultrasonic measurement
and control of penctration can be broken downr into three basic tasks:

(1) verification of the concept of ultrosonic penctration weasuremeat,

(2) Jdevelopment of a praciical technigie for ultrasonic penctration measurement,
(3) developuent of weld penctration conlvol  coaceopts based on penetration
meastrenent.

The first plase s presently ondoreay aod w11 conaiat ol 7 aetrs of crneri-
ments, which will be used to evaluate the feasibility of ultrasonic penetration
weasitrenent.  The Tivst set of experiments will look at the capabilities of
ultrasonic shope determination.  Several carved surfaces have been milled into
stee! plate and will be cxamined wvilh an ultrasonic probce.  The ultrasound
measurenents and the equations of geouclricultrasonicawill then be used to
deternine the size of the mitled surfoace ond the results will be coempared
with divecelt measurcments to check their accuracy.

The sccond set of cxperiments will be pertformed to determine vhether
ot ot solten notal will adquately rellect vhtracoond o that size measure=
pents can be wades In oorder to perform these copervivents a static molien
pudd e will be tormed using » ctationary TIC toveh and an ultrasoud transduees
will be used (o detect vltrasound reflectiong, M0 reflections can be deteotad,

the nevt otep will be to pednure the sl of the puddle from these vellections,




APPENDLN D (continued) 4y
After the experiments are cowpleted, the ctatimary welds will be scctioned
and measured to sce how well ultranonic peasurenonts of the puddle dimensions
apgrec with the actual size of the solidificd veld,

An ultrasound pulser receiver is currently under construction so that
the above experiments can be carriad out.  Upon completion of the experiments
the results will be cxamined and a decision reachoed about the viability and
further development of the concept of ultrasonic penctration weasurcement.

Some preliminary experiments have been performned for both the "cold"
and "hot" situations. The forser indicoted the eapoeted reflections, but
ciphasized the need for well focused beans.  The hot experiment was intended
only to lovk for cvidence of reflections from a molten region. By melting
a spot on a plate vith a stationary T1G toreh and passing ultrasound through
this vregion, new reftectivons wore cecorded that corresponded roughly to
the molten region location,  ‘these coperiments, therefore, give qualitative
reinfovcaeient to this mooonrencatl conrent, and subscquent expeviments will

more precisnely guamtify the o resalte,




